This review chronicles the key concepts, studies, advancements and terms that have led to our current understanding of turnover of dominant follicles (growth and atresia) during the bovine estrous cycle. The "twowave" concept of follicular development was first proposed in 1960, but remained controversial for the next 28 yr. The concept of the "dominant" follicle was adapted to cattle in 1987. By 1988, ultrasound analysis of individual follicles had demonstrated that heifers usually had two or three distinct waves of turnover of dominant follicles during an estrous cycle. From 1992 to 1993, it was established that a transient rise in serum concentrations of FSH initiated each follicular wave, and a decreased episodic secretion of LH was associated with loss of dominance and the end of a nonovulatory follicular wave. In the past decade, numerous intrafollicular growth factors, such as inhibins, activins, and insulin-like growth factors and their binding proteins, have been identified in follicular fluid of individual bovine follicles. In addition, in vitro studies demonstrate that these growth factors could have endocrine, autocrine, or paracrine actions that modify gonadotropinstimulated follicular growth and differentiation. However, the precise role of intrafollicular growth factors in turnover of dominant follicles has not been defined. We concluded that two or three FSH-stimulated waves of follicular growth usually occur during the bovine estrous cycle, and each follicular wave culminates in development of a single nonovulatory or ovulatory dominant follicle.
INTRODUCTION
Numerous procedures to artificially manipulate the length of estrous cycles, time of ovulation, or numbers of follicles that grow and ovulate in cattle have been developed (80) . However, none have consistently improved fertility or removed the considerable variation in number of follicles or in oocyte quality after superovulation. Further progress in development of more reliable procedures to control follicular development may have been hindered because the physiological concept of a "dominant" follicle (one that prevents growth of other follicles during the bovine estrous cycle) has only relatively recently been recognized by animal scientists. Indeed, the idea that turnover (growth and atresia) of antral follicles during the bovine estrous cycle is a continuous process without distinct patterns persisted in the literature from 1927 to 1986 (8, 57, 90) . However, the development and adaptation of ultrasonography as a noninvasive means to monitor turnover of follicles on consecutive days in the same animal firmly establishes that ovarian antral follicles grow in distinct patterns or "waves" throughout most of the heifer's life.
A large number of excellent recent reviews have addressed the topic of regulation of turnover of dominant follicles in cattle, including the interaction of gonadotropins with intrafollicular growth factors (5, 6, 19, 22, 23, 25, 30, 41, 43, 50, 53, 61, 62, 78, 80, 90, 98, 99) . Consequently, the purpose of the present review is to describe, in chronological order, the key concepts, studies, advancements, and terms that have led to our current understanding of turnover of dominant follicles during the bovine estrous cycle.
reproductive scientists were aware before 1960 that preovulatory size follicles existed during the middle of the estrous cycle in cattle (9, 14, 38, 39, 57) . In 1960, however, Rajakoski (76) reported results of a 3-yr study of bovine ovaries obtained after slaughter of one to three sexually mature Swedish Red-and-White Breed heifers (usually 1) on each day of the estrous cycle. Follicles ≥1 mm in diameter were counted, and histological analysis of each sectioned ovary was performed. Based primarily on qualitative analysis, Rajakoski stated that "One interpretation for these results" is "that follicles ≥5 mm show two growth waves during an oestrus cycle. The first of these occurs between the third and the fourth days and the other between the twelfth and fourteenth. Both result in a follicle of preovulatory size. The large follicle of the first wave undergoes atresia from the twelfth day to leave the large atretic follicle which is present in one of the ovaries from the twelfth to the seventeenth days. The large follicle of the second wave ovulates after final maturation during oestrus" (76) . Thus, Rajakoski was the first to propose the two-wave concept of follicular turnover during the bovine estrous cycle. Nevertheless, over the next 28 yr, his study remained controversial because investigators reported that their results either supported (37, 44, 67, 93) or refuted the two-wave hypothesis (8, 16, 17, 48, 54, 56, 72, 90) .
1972 and 1981: Lifespan and fate of individual follicles during the estrous cycle of heifers is directly examined. Dufour et al. (17) and Matton et al. (56) were the first to devise a method to follow changes in size of individual antral follicles on the surface of bovine ovaries. In their studies, groups of heifers from different days of the estrous cycle underwent surgery. They injected dots of India ink at different locations into the stromal tissue surrounding the periphery of either the largest follicle per pair of ovaries (17) or the two largest follicles for each ovary (56) . Three to five days after marking, each heifer was subjected to ovariectomy, and the size and fate of each marked follicle was determined. Their results demonstrated that one of the largest follicles on each ovary persists from d 3 to 13 of the estrous cycle, then undergoes atresia (56) . This finding directly supported the existence of the first wave of Rajakoski's two-wave hypothesis (76) . However, neither of the two largest follicles marked on each ovary between d 13 to 18 of the estrous cycle ovulated (56) . Thus, this finding refuted Rajakoski's two-wave hypothesis (76) .
1982-1983: Growth and differentiation of estrogen-active and -inactive follicles during the estrous cycle is characterized. Before 1982, the health status of an antral follicle (growing or atretic) in cattle was determined by traditional histological methods (8, 18, 55, 72, 76) . In vitro studies in sheep, however, demonstrated that healthy antral follicles produce more estradiol than androgens compared with atretic follicles (7, 63) . In contrast, atretic follicles produce more androgens than estradiol compared with healthy follicles (7, 63) . Ireland and Roche (47, 48, 49) were the first to classify individual antral follicles (≥ 6 mm in diameter) in heifers as estrogen-active or estrogen-inactive based on the intrafollicular ratio of concentrations of estradiol to progesterone or androgens in follicular fluid. Estrogen-active follicles (estradiol > progesterone and androgens) have biochemical characteristics of healthy growing follicles, but estrogen-inactive follicles (progesterone or androgens > estradiol) have characteristics of atretic follicles or follicles destined to become atretic (47, 48, 49) .
In a series of studies (47, 48, 49) , ovaries were removed from groups of heifers at 2-d intervals during d 3 to 13 of the estrous cycle, or at different times during a spontaneous or prostaglandin-induced follicular phase. Each follicle (≥6 mm in diameter) per pair of ovaries was classified as estrogen-active or -inactive. Results of these studies established that growth of estrogenactive follicles is associated with an enhanced number of granulosa cells and an increased intrafollicular concentration of estradiol and number of binding sites for LH in granulosa and theca cells both during the follicular phase, and during d 3 to 7 of the luteal phase of the estrous cycle (47, 48, 49) . In contrast, the number of binding sites for FSH in granulosa cells decreases. During the follicular phase, but after the preovulatory gonadotropin surge, or during d 9 to 11 of the luteal phase, the largest follicle is estrogen-inactive. Compared with estrogen-active follicles, the estrogen-inactive follicles have a reduced intrafollicular concentration of estradiol and a diminished number of gonadotropin receptor sites in granulosa and theca cells. These studies demonstrate that estrogen-active follicles switch from FSH-to LHresponsiveness as they develop, and that a decreased number of gonadotropin receptors in granulosal and thecal cells are associated with loss of capacity of estrogen-active follicles to produce estradiol.
1984: Ultrasound was used to monitor sizes of follicles during the estrous cycle of heifers. Studies on the dynamics of follicular turnover during the estrous cycle were hindered before 1984 primarily because morphological observations were based on single, point-in-time analysis of ovaries obtained after slaughter (8, 9, 14, 38, 39, 44, 55, 57, 72, 76) or ovariectomy (47, 48, 49) of cattle. In addition, heifers were subjected to surgery at least twice when sequential development of follicles was examined (16, 17, 56, 86) . In 1984, two laboratories reported visualization of ovarian structures in a cow (77) or heifers (65) with a linear-array ultrasound scanner. Pierson and Ginther (65) , however, were the first to use ultrasonography to monitor diameter of follicles throughout the estrous cycle of heifers. The reported diameter of a follicle usually refers to the width of the nonechogenic antrum of a follicle, which contains follicular fluid (69, 74) . Thus, diameters of follicles subjected to ultrasound are 2 to 3 mm smaller than diameter of the same follicles after dissection (74) . Pierson and Ginther (65) characterized follicle growth as follows: "1) growth of a large follicle to an ostensibly ovulatory size followed by regression at approximately mid-cycle, 2) selective accelerated growth of the follicle destined to ovulate approximately 3 d before ovulation, and 3) regression a few days before ovulation of the larger follicles that were not destined to ovulate". These ultrasound results (65) , coupled with those of later studies (66, 67, 68) , clearly show a bimodal distribution in numbers and sizes of follicles during the estrous cycle of heifers. In a more extensive followup study in heifers, Pierson and Ginther (67) stated that their results "support the postulate of two waves of follicular growth during the estrous cycle".
1987: The concept of a dominant follicle as observed in primates is applied to cattle, and the three-wave hypothesis for development of dominant follicles during the estrous cycle is proposed. Hodgen et al. (34) proposed the concept of dominance in 1977 to explain why follicle growth during the primate menstrual cycle is attenuated in the presence of the ovulatory follicle or corpus luteum. Because of marked differences in size between the largest and next largest follicle, two groups postulated that the largest follicle in heifers is "dominating or dominant" (44, 56) . However, the morphological, histological, hormonal, and biochemical evidence supporting the presence of dominant follicles during the bovine estrous cycle was not described until 1987 (43, 50) . In reviews (43, 50) , it was argued that a single estrogen-active follicle becomes the largest follicle during three different periods of the estrous cycle. In addition, increased serum concentrations of estradiol in one of the two utero-ovarian veins is associated with enhanced intrafollicular concentrations of estradiol in the largest estrogen-active follicle during the same periods of the estrous cycle (24, 46, 47, 48, 49) . Based primarily on these results and coupled with the earlier findings from the India-ink marking studies of Dufour et al. (17) and Matton et al. (56) , Ireland and Roche (50) concluded that "three cycles of development of dominant follicles occur during a bovine estrous cycle. Each cycle of development of a dominant follicle goes through a selection, dominance and atresia or ovulation phase similar to that described for dominant ovulatory follicles during a primate menstrual cycle". 1988: Ultrasound analysis and ovarian maps are used to track growth and atresia of individual follicles throughout the estrous cycle of heifers. In 1988, three different groups of investigators were the first to publish results of four similarly designed ultrasonography studies. Each study used daily ultrasound analysis to monitor growth of individual follicles throughout the estrous cycle of heifers (26, 69, 81, 88) . These studies were distinguished from the previous ultrasound reports (65, 66, 67, 68) because location (relative to the anterior and posterior poles, greater curvature and hilus of each ovary, and (or) corpus luteum) and diameter of each follicle ≥5mm on each ovary were both established during each ultrasound session. In addition, the location and diameter for each follicle was sketched on a diagram or map for each ovary. Results of daily ultrasound analysis and mapping, therefore, established the patterns of growth and regression of each "mapped" follicle. Of 46 estrous cycles examined for 33 heifers in three separate studies (26, 81, 88) , 1 estrous cycle had one follicle wave, 8 cycles had two waves, 35 cycles had three waves, and 2 cycles had four waves of follicular development. These findings show that three waves of dominant follicles per estrous cycle is the most common pattern observed in heifers, which confirmed the three-wave hypothesis (43, 50) . In contrast, visual inspection of graphs of ultrasound results for heifers in another study (69) showed predominantly two waves during an estrous cycle, which supported the two-wave hypothesis (76) . Taken together, ultrasound analysis shows that cattle usually have two or three waves of follicular development during their estrous cycle. Thus, both the two-wave (76) and three-wave (43, 48, 50) hypotheses are correct.
The dynamics of follicular turnover, including maximum diameter, rate of growth or atresia, day of appearance of follicles ≥5 mm in diameter, and persistence or duration of detection of follicles, were also first described for dominant and nondominant or secondary follicles in the aforementioned studies (26, 81, 88) . In brief, the beginning of a wave (also called emergence) is defined as the first day of the estrous cycle a growing follicle ≥5 mm in diameter in a new wave is detected by ultrasound. With this definition, the average day of the estrous cycle (for heifers with three waves) each wave begins is d 1.9 (range = 1 to 3), 9.4 (8 to 11), and 16.1 (14 to 19) (26, 88) . For the first, second, and third waves, the maximum size of each dominant follicle is 12.3 to 15.5, 10.2 to 15.9, and 12.8 to 18.8 mm. Maximum size is reached on d 6 to 6.4, 14.2 to 16, and 21 of the estrous cycle (26, 81, 88) . Persistence or duration of detection of a dominant nonovulatory follicle, defined as the interval between its appearance and disappearance, is 11.4 to 17 versus 7.4 to 13.1 d for the first and second wave (26, 81, 88) . In contrast, the dominant ovulatory follicle of the third wave persists about 6 d before ovulation (26, 81, 88) . The number of nondominant follicles ≥5 mm for each wave averages 5.3, 3.9, and 4.7, and these follicles persist for about 6 d. The maximum diameter of nondominant follicles is usually ≤8 mm (26) . For heifers that had two waves per estrous cycle, the first and second (ovulatory) waves commence on d 2 to 4 and 10 to 11, and reach maximum diameters of about 13 mm on d 6 and 19, respectively (81, 88) . The ovulatory follicle is detected 10 d before ovulation (88) . It is not known why there is great variability among heifers (with three follicle waves) in emergence of each wave during an estrous cycle, maximum size of the dominant follicle during each wave, and persistence of a dominant follicle.
The following list defines the terms currently used to describe the physiological phenomenon and dynamics associated with turnover of dominant follicles in cattle ( Figure 1) .
Cohort: A group of nearly synchronously growing follicles ( [33] ; Figure 1) .
Recruitment: The process whereby a cohort of primordial follicles (primordial follicle = oocyte surrounded by a single layer of squamous pregranulosal cells) begins growth or enters into a trajectory of growth (87), and, thereafter, becomes dependent on gonadotropins for its continued development to ovulatory size ( [33] , not depicted in Figure 1 ). After hypophysectomy of laboratory species or sheep, recruitment of primordial follicles and limited growth of a reduced number of preantral follicles occurs (35) . This finding implies that gonadotropins are not required for recruitment or early follicle growth. However, gonadotropin treatment of hypophysectomized animals markedly enhances both recruitment and subsequent growth of preantral follicles (35) . Thus, gonadotropins are very likely to have an important role both in the recruitment process and rate of follicle growth. Nevertheless, the factor(s) that initiates recruitment has not been defined.
Wave: The cyclic pattern of growth of antral follicles. A follicular wave in heifers is usually characterized by growth of a cohort of ∼24 antral follicles ∼3 mm in diameter, and atresia of all but a single dominant follicle that continues to grow until it reaches ovulatory size (30) . A wave ends in either ovulation or atresia of the dominant follicle.
Selection: The process that results in the reduction of the number of follicles in a growing cohort to the species-specific ovulatory quota (33) . Selection is complete when the number of healthy follicles in a growing cohort equals the number of follicles that ovulated ((33), A model explaining the physiological terms associated with each wave of follicular development during the estrous cycle of heifers. Based on ultrasound analysis, most heifers have one (First wave) or two waves (First wave, Second wave) of follicular development during the luteal phase and a single wave of development (Ovulatory wave) during the follicular phase. Cohort refers to a group of similar sized nearly synchronously growing follicles. Emergence marks the beginning of a wave and is the first day a 4-or 5-mm follicle is the largest in a new wave. The beginning of selection cannot be determined by ultrasonography. However, the end of selection occurs coincident with onset of dominance. Deviation is when growth rates between the dominant and largest subordinate follicle begin to differ. Dominance occurs when the largest follicle in a wave is 1 to 2 mm larger than the next largest follicle and growth of all subordinate follicles ceases. Subordinate follicles are all nondominant follicles in a wave. Loss of dominance marks the end of a wave and is detected at emergence of the next wave. The growing phase for a follicle begins on the day of the estrous cycle of its emergence and ends the day diameter of the follicle ceases to increase. The static phase is from the day follicle diameter ceases to increase (end of growing phase) until the day follicle diameter decreases minus one day. The regressing phase is the last day of the static phase until the follicle is no longer detectable, which is usually when it reaches 4 to 5 mm in diameter. primordial follicles. Thus, ultrasound has insufficient resolution to identify the beginning of a selection phase. However, the end of the selection phase for a wave, which can be detected by ultrasound, occurs coincident with the onset of dominance (defined below). Unraveling the selection process, or more specifically, why one (the "selected") follicle of a cohort develops to ovulatory size as the others undergo atresia is an area of intense research, rich in both elegant models and intriguing hypotheses (5, 6, 19, 22, 23, 25, 30, 33, 35, 36, 41, 43, 50, 61, 62, 78, 80, 83, 99) .
Emergence: The first day during growth of a cohort of follicles in a wave that the largest follicle detected by ultrasound is 4 (27) or 5 mm in diameter ((26), Figure  1) . Thus, emergence, as detected by ultrasound, marks the beginning of a wave. Whether to use 4 or 5 mm as a criterion for emergence depends both on the skill of the ultrasound user and the resolution of the scanner.
Because of variability in time of emergence for the different waves during an estrous cycle, as mentioned earlier, day of emergence is a useful marker for aligning waves among groups of cattle. The interval from emergence of one wave to emergence of the next wave establishs the length of a wave (Figure 1, vertical arrows) . Note, however, that ultrasound cannot be used to establish when recruitment begins, as mentioned above. Thus, the precise length of time required for a primordial follicle after its recruitment to become dominant in a wave cannot be established with ultrasound.
Dominance: The process whereby a follicle prevents growth of other follicles, or grows in a hormonal milieu unfit for growth of other follicles (42) . Based on this definition, onset of dominance is best defined by ultrasound as the first day of the estrous cycle that: 1) the dominant follicle in a wave is at least 1 to 2 mm larger than the next largest follicle, and 2) growth of all subordinate follicles in the same wave ceases ( [59] , Figure  1 , solid lines at top). It may be possible, based on retrospective ultrasound or biochemical analyses, to identify the follicle that is destined to become dominant, but this predestined dominant follicle should not be considered dominant until growth of all subordinates in the wave ceases. Loss or end of dominance (Figure 1, top, arrows) by the dominant follicle of a wave is defined morphologically by ultrasound as occurring on the day of emergence of the subsequent wave.
Subordinate follicles: The remaining follicles (usually 2 to 5) in a wave after identification of the dominant follicle by ultrasound (28) (Figure 1) .
Dynamics of follicular growth: Based on ultrasound determination of diameter, each dominant or subordinate follicle progresses through a growing, static, and regressing period (depicted for dominant follicle in Figure 1 , [27] ). Some of these periods extend into other waves, especially the regressing phase (Figure 1) . Consequently, precise ovarian maps are critical to track turnover of individual follicles and to assign follicles to the appropriate wave. The growing phase for a follicle begins on the day of the estrous cycle of its emergence and ends the day the diameter of the follicle ceases to increase. The static phase is from the day follicle diameter ceases to increase (end of growing phase) until the day follicle diameter decreases minus 1 d. The regressing phase is the last day of the static phase until the follicle is no longer detectable, which is usually when it reaches 4 to 5 mm in diameter (27) .
Deviation: The divergence of growth rates between the two largest follicles (Figure 1, thick arrows) within a wave, which is retrospectively determined by ultrasound (30) . Deviation, however, should not be confused with selection because selection refers to the phenomenon associated with reduction in number of the origi- nally recruited follicles in a wave to the ovulatory quota (33) . However, deviation may mark the end of the selection process, especially because the follicle with the greatest growth rate usually emerges first in a wave and becomes dominant (30) . In addition, deviation may be caused by one follicle beginning to exert "dominance" over another. However, whether deviation represents the earliest functional marker for onset of dominance remains to be determined.
1992 Shams et al. (86) reported an association of patterns of secretion of FSH with follicular growth in 1977. In their study, FSH RIA of serum samples collected at 2-to 6-h intervals was combined with endoscopic examination of ovaries through a permanent fistula at 2-d intervals. They reported that significant FSH peaks occurred on d 4, 8, 12 to 13, 17, and 18 of the estrous cycle, and during the preovulatory LH surge. In addition, they argued that enhanced follicular growth was associated with each FSH peak, although no statistical analysis of their follicular data was reported.
As more investigators became familiar with use of ultrasound, and as FSH assays improved, several groups associated the dynamics of turnover of dominant follicles (Figure 1 ) with changes in patterns of secretion of the gonadotropins and ovarian steroids. Specifically, it was initially demonstrated that the postovulatory rise of FSH preceded the first follicular wave in heifers (94) . But, the first report of a significant association of peaks of FSH with follicle waves throughout an estrous cycle was in 1992 by Adams et al. (3) . They showed that heifers with two follicular waves also had a significant 50 to 75% increase in serum concentrations of FSH associated with the emergence of each wave. Once concentrations of FSH among heifers are aligned relative Despite use of validated RIA for FSH, the majority of laboratories could not reliably distinguish repeatable patterns of FSH during the luteal phase or during pregnancy or postpartum. The best explanation for why significant peaks of FSH are not routinely detected is most likely because emergence, which is associated with peaks of FSH, is variable among heifers (30) . Ultrasound, however, makes it possible to align serum concentrations of FSH relative to wave emergence. Thus, a convincing association of a transient rise in FSH with initiation of each follicle wave has been established not only during the estrous cycle ( [3, 92] , Figure  2 ), but also in prepubertal heifers (1, 20) and during pregnancy (29) and postpartum anestrous (12) .
Several laboratories examined the role of FSH in regulation of follicular waves in cattle. suppressed secretion of FSH without altering secretion of LH in both ovariectomized (45) and intact (73) heifers. Turzillo et al. (94) , however, were the first to report in 1990 that the administration of follicular fluid to heifers both suppressed the postovulatory rise in FSH and delayed follicular wave emergence. Results of several subsequent studies were confirmatory (3, 95) . More recent studies showed that immunization of heifers against GnRH or infusion of GnRH agonist suppressed both rises of FSH and pulses of LH, and blocked emergence of follicular waves (31, 70, 71) . Taken together, these results convincingly demonstrate that a transient rise in FSH is required to stimulate growth of a wave of follicles during the bovine estrous cycle.
Although the ascending arm of a transient rise in FSH initiated follicular waves, recent studies show that the subsequent decline in FSH ends selection and stimulates development of the dominant follicle during a wave. Specifically, in 1993 Adams et al. (2) demonstrated that treatment of heifers with FSH at the time of the spontaneous decline of FSH from its peak delays onset of dominance during the first follicular wave. This finding was confirmed several years later by another laboratory (59) . Together, these results imply that the descending arm of the postovulatory surges of FSH has an important role in termination of the selection process and stimulation of the onset of dominance (Figure 1) .
1993: A decreased episodic pattern of secretion of LH is associated with termination of a follicular wave. Radioimmunoassays to determine serum concentrations of LH were first developed and validated in 1969 by two laboratories (64, 85) . Identification of the preovulatory surge of LH coincident with estrus in cattle was initially reported by Shams and Karg (85) in 1969 and Henricks et al. in 1970 (40) . However, more than a decade elapsed before Rahe et al. clearly demonstrated (75) that secretion of LH during the estrous cycle of cattle is in episodic patterns. Specifically, heifers were bled via jugular cannulas for 24 h at 10-min intervals on d 3, 10 or 11, and 18 or 19 of an estrous cycle. Results of that study revealed that patterns of LH secretion change from a high frequency of low amplitude pulses during the early luteal phase to a low frequency of high amplitude pulses by midcycle. By estrus, the pattern of episodic LH secretion switches to a high frequency (similar to the early luteal phase) of very high amplitude pulses. Several years later, studies from other laboratories (84, 97) confirmed the luteal phase results of Rahe et al. (75) . Results of these earlier studies (75, 84, 97) were then extended by Cupp et al. (13) because they demonstrated that frequency and amplitude of LH pulses are significantly altered on several different days during the luteal phase of the estrous cycle, when progesterone concentrations are high. How-ever, none of the aforementioned studies examined the relationship of the changing pulse pattern of LH secretion to the dynamics of turnover of dominant follicles during the estrous cycle.
Evans et al. (21) were the first to correlate alterations in the dynamics of LH pulses with ultrasound analysis of follicular waves during the estrous cycle of heifers. They demonstrated that frequency of LH pulses decreases, but amplitude increases during growth of the first-wave dominant follicle. In contrast, during loss of dominance of the first-wave dominant follicle and emergence of follicle growth in the second wave, frequency of LH pulses remains unchanged, but amplitude decreases to levels similar to d 3 to 4 of the estrous cycle. Although Cupp et al. (13) did not correlate the alterations in LH pulse frequency and amplitude to follicular waves, their results were similar to those reported by Evans et al. (21) . Taken together, these results imply that the pulse pattern of LH secretion varied during a follicular wave during the estrous cycle.
Whether alterations in the episodic secretion pattern of LH secretion during the estrous cycle have a role in the regulation of dominant follicle turnover was investigated by several laboratories. In 1990, Sirois and Fortune (89) reported that insertion of a progesterone releasing device intravaginally at midcycle into heifers markedly enhances lifespan, dominance, and estradiol production by dominant follicles after spontaneous luteolysis. In contrast, insertion of two progesterone-releasing devices to mimic luteal phase progesterone levels results in a normal lifespan and turnover of a dominant follicle. Two key studies published in 1993 by Stock et al. (91) and Savio et al. (82) , however, demonstrated the important role changes in the dynamics of LH pulses may have on the lifespan of a dominant follicle, as shown in Figure 3 . Specifically, endogenous progesterone production decreases in cattle following treatment with prostaglandin F 2α or spontaneous luteal regression. Progesterone releasing intravaginal devices (Figure 3) or norgestomet implants are then inserted to artificially manipulate concentrations of serum progesterone. Ultrasonography is performed daily or every second day of the cycle to monitor development of dominant follicles. Frequent blood-sampling regimens are used throughout the treatment period to characterize the pulse patterns of LH secretion and daily changes in serum concentrations of progesterone. Results of these studies showed that low serum concentrations of progesterone are associated with a higher pulse frequency of LH (Figure 3 Whether the alterations in patterns of episodic secretion of LH during an estrous cycle (13, 21, 75, 84, 97) regulate turnover of dominant follicles remains to be determined. Nevertheless, in support of an important role for alterations in episodic patterns of LH secretion in turnover of dominant follicles, it has been well established that dominant follicles switch from FSH to LH dependency as they develop (47, 48, 49, 100) (Figure  4) . Thus, a decrease in LH pulse frequency, such as that observed during the later stages of a follicle wave during an estrous cycle, is not only associated with, but also may cause loss of dominance of the dominant follicle in each follicle wave (Figure 4) .
The important role of the fluctuating patterns of secretion of both FSH and LH during a follicle wave was recently demonstrated by Gong et al. (31) . They used mini-pumps to infuse a relatively low followed by a higher dose of a GnRH agonist in heifers. This treatment regimen results initially in preovulatory LH and FSH surges. These gonadotropin surges are followed by a persistent reduction in serum LH, but normal transient surges of FSH associated with follicular waves. During this period, the dominant follicle of the first wave grows to ovulatory size, then regresses. However, the size of the subsequent dominant follicle in the next wave is reduced to 7 to 9 mm in diameter and persists for several weeks. Infusion of a higher dose of agonist decreased serum FSH, which results in regression of the dominant follicle and abatement of subsequent follicle growth at the 4 mm size. Taken together, these results show the important roles that postovulatory surges of FSH and LH have in initiation of follicular waves, growth of the dominant follicle in each wave to ovulatory size, and perhaps termination of a wave during an estrous cycle.
1990-present: Intrafollicular factors have potential autocrine or paracrine roles important for dominant follicle turnover. Evidence has accumulated, primarily from in vitro studies over the past decade, that intrafollicular factors, especially growth factors such as inhibin, activin, IGF-I and -II, and their binding proteins, have an important role in regulation of follicular growth, differentiation, and function (5, 6, 19, 22, 23, 25, 30, 41, 43, 50, 52, 53, 61, 62, 78, 80, 90, 98, 99) . For example, inhibin and follistatin have negative feedback effects, whereas activin has a positive feedback effect on FSH secretion in many species including cattle (52, 80) . In addition to these endocrine roles, inhibin, activin, IGF, follistatin, and IGF binding proteins have autocrine or paracrine actions that stimulate or inhibit function of granulosal and thecal cells (52, 80, 99) . Moreover, the action of one factor antagonizes the other, especially inhibin versus activin, activin versus follistatin, and IGF versus IGF binding proteins. Because the aforementioned growth factors and binding proteins are in follicular fluid of bovine follicles (52, 80, 99) , alterations in intrafollicular ratios of the various growth factors and their binding proteins may, therefore, have an important role in establishing which follicle in a wave becomes dominant. For example, dominant follicles have lower intrafollicular levels of small molecular weight IGF binding proteins compared with subordinate follicles (80) . The reduced level of IGF binding proteins may result in a greater availability of IGF-I, which would enhance gonadotropin action on granulosal and thecal cells within the dominant compared with subordinate follicles. Consequently, differences in intrafollicular ratios of IGF-I:IGF binding proteins could explain why a dominant follicle outgrows and produces more estradiol than subordinate follicles. In support of this idea, we have recently demonstrated in heifers that intrafollicular levels of IGF-binding protein-4 are lower and estradiol concentrations are higher in the first-wave follicle destined to become dominant compared with follicles destined to become subordinate (58) . In general, intrafollicular factors are hypothesized to act not only in an endocrine fashion to regulate secretion of gonadotropins, but also in an autocrine or paracrine fashion to modify gonadotropin action, and in turn follicular growth, differentiation, and function. Although this hypothesis has merit, it has been difficult to test in vivo. Thus, the precise mechanisms explaining how gonadotropins interact with intrafollicular growth factors to regulate turnover of a single dominant follicle during a follicle wave remain unclear.
SUMMARY, CONCLUSIONS, AND FUTURE QUESTIONS
In summary: 1) Antral follicles develop in distinct patterns or waves of 7 to 10 d in length. 2) Two or three waves of follicular growth usually occur during a 21-d estrous cycle. 3) During each wave, a dominant follicle develops to ovulatory size and usually undergoes atresia unless it ovulates. 4) During growth of a cohort of antral follicles in a wave, they undergo recruitment, selection, dominance, and loss of dominance or ovulation. During recruitment, a cohort of primordial follicles begins to grow and all "recruited" follicles thereafter become dependent on FSH for their continued growth to ovulatory size. Selection reduces the number of "recruited" follicles in a cohort to the ovulatory quota. Dominance enables a single follicle to prevent growth of other follicles or grow in a hormonal milieu unfit for growth of other follicles. Loss of dominance results in atresia of the dominant follicle, thus initiating growth of a new follicular wave. 5) Based on ultrasound analysis, emergence is the first day a 4-or 5-mm follicle is the largest in a new wave. Thus, emergence marks the beginning of a wave. Deviation occurs when growth rates between the dominant and largest subordinate follicle begin to differ. The end of selection occurs coincident with onset of dominance. Dominance occurs when the largest follicle is 1 to 2 mm larger in diameter than the next largest follicle and growth of all subordinate follicles ceased. Loss of dominance marks the end of a wave and occurs at emergence of the next wave. 6) The ascending arm of the transient rise in serum FSH initiates a follicle wave, whereas the descending arm ends selection and initiates onset of dominance. 7) During an estrous cycle, a decreased amplitude of LH pulses is associated with loss of dominance of the dominant follicle in a wave. Based on these results, we conclude that: two or three FSH-stimulated waves of follicular growth usually occur during the bovine estrous cycle, and each follicular wave culminates in development of a single nonovulatory or ovulatory dominant follicle.
Past studies have firmly established that two or three waves of follicular development occur during the bovine estrous cycles. However, as outlined in Figure 4 , the following fundamental questions remain unanswered: How do gonadotropins and intrafollicular factors interact to regulate recruitment, selection, deviation, dominance and loss of dominance during a follicular wave? What causes the great variability among heifers in emergence of each wave, maximum size of the dominant follicle in each wave, and persistence of each wave during an estrous cycle? Do the dynamics (number of follicles, sizes, growth rate) for individual waves influence quality of oocytes? Do factors such as nutrition, aging, parity, or milk yield alter number of follicular waves per estrous cycle? Does number of follicular waves per estrous cycle influence fertility? We speculate that the development of new, more efficient methods to regulate growth of follicles with high quality oocytes to improve fertility in cattle may depend on resolution of the aforementioned questions.
